[P lates 15, 16] During X-ray tests on an annealed brass (Cu 69-43%, Zn 30-54%) sub jected to cyclic stressing it was noted th at the behaviour of the crystalline structure of the grains depended on the speed of application of the stress. The structural changes occurring under a slow cycle could be different in kind from those produced by stress cycles applied at 2200 eye./min., the frequency associated with the fatigue-testing machine employed. The dif ference was not due to changes in the final external deformation of the specimens because such changes in each case were reduced to the same negligible proportions by the use of cycles of reversed direct stress, th at is, by cycles symmetrical in tension and compression. The effect was especially noticed in the brass because, in contrast with a mild steel previously the subject of X-ray tests under cyclic stressing (Gough and Wood 1936) , it belongs to the class of materials in which the primitive yield point under static tensile loading is less than the fatigue limit under cycles of reversed direct stress (as given by the amplitude S of the limiting safe stress range + S); in the brass, therefore, the stress cycles of great physical interest, which are those where the stress range just exceeds the limiting safe range, are cycles in which the stress during each repetition passes through the values corresponding to the primitive yield points in tension and also in compression. The extent of the difference between the slow and rapid cycle appeared to be such th at in the latter the main structural modifications shown by previous X-ray work to be associated with transition through a yield point were entirely suppressed. I t was evident th at an investigation of the conditions accompanying this suppression would give useful infor mation on the response of the internal crystalline structure of the metal to an externally applied stress; also it would afford an opportunity for distin guishing the individual parts played by the various structural changes [ 310 ] 
which have been brought out by recent X-ray work on the progressive deformation of metals and on metals in different states of hardness. In the present paper therefore the X-ray observations are compared with the static and cyclic stress/extension relationships as given by mechanical measurements.
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F ig u r e 1. F atigue specimen w ith extensom eter attached.
N ormal structural response under static tensile test
First we give the extension measurements and the behaviour of the crystalline structure under a sensitive static tensile test, because these provide what may be termed the normal response of the structure to an applied stress. The stress-strain data given by a Dalby Autographic Re corder showed the yield to occur at 4-5-5 tons/sq. in. and fracture at 20 tons/sq. in. This test was not sufficiently accurate for the early stages of deformation, and, for this range, a sensitive mirror extensometer was attached to the specimens in the manner shown in figure 1, which also gives the shape and dimensions of the specimens employed. The extensions thus measured were reduced to fractions of an inch by calibrating the extenso meter with the help of a steel of known elastic modulus. It will be noted that the extension was measured between two points A and B which were not on the central test portion of the specimens; this was done in order to avoid damage to this surface and interference with the X-ray reflexions. As, however, the points were similarly placed on all specimens and the specimens themselves were similar, these extension measurements were entirely sufficient for the purpose of the investigation. The stress-extension curve obtained in this way from 0 to 10 tons/sq. in. is given in figure 2 , curve (c); it will be seen th at the material shows a quite definite yield at 4-8 tons/sq. in. The load was removed from this specimen a t 6, 7, 8, 9 and 10 tons/sq. in. whilst X-ray photographs were obtained.
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O 07 E x te n sio n -F ig u r e 2. Stress-extension curves up to 10 tons/sq. in. on specimens (a) after cyclic stressing a t ± 9 tons/sq. in., (b ) after cyclic stressing a t ± 8 tons/sq. in., (c) in initial condition.
The photographs were taken by a back reflexion technique described elsewhere in more detail (Gough and Wood 1936 ). An incident beam of approximately 1 mm. cross-section falls perpendicularly on the surface of the specimen and the beams reflected backwards by the grains through a large angle are recorded on a flat photographic film which is pierced with a hole at the centre to permit passage of the incident beam in a direction perpendicular to the film. The beam used in the present experiments consisted of the K o t v a 2 and /? wave-lengths from a nickel ta rg e t; the re flexion ring recorded was the (331) a t a 2 doublet. The advantage of this technique is th at the experimental conditions are most sensitive to both lattice variations and to the breakdown of the grains. The points to which it is desired to draw attention for later discussion are those described below.
The initial condition of the brass was the annealed state in which the individual grains were highly perfect, as shown by preliminary X-ray tests. After machining to shape, the surface layers cold-worked by this operation were removed by etching in a solution of ammonium persulphate. The X-ray photograph of this initial condition is given in figure 6 (plate 15) which consists of a ring of sharp isolated (331) reflexion spots, each of which is a reflexion from the atomic planes of one grain as defined by a metallographic grain boundary.
Up to the yield point the change in this type of photograph is negligible. This was confirmed by subjecting a specimen to loads of 2, 3 and 4 tons/sq. in. for 5 min. and then removing the load for the X-ray examination of the specimen. At the yield point, however, an extensive change sets in and becomes progressively more marked as plastic deformation proceeds, accelerating when the specimen necks prior to fracture. The photographs reproduced in figures la, 8a, 9 a and 10u (plates 15, 16) are loads of 7, 8, 9 and 10 tons/sq. in., since these will be required later for comparison purposes. They suffice to show th at the photographs after yield are different in type from before; after yield they are characterized by the elongation of the reflexion spots into arcs which coalesce and replace the initially separated spots by the continuous (331) a xa 2 ring. This change means th at the original grains are dispersed into independently reflecting units with crystallographic orientations varying over an angular range of many degrees; it is difficult in a poly crystalline material like the present exactly to specify these ranges because of the mutual inference of the various reflexion arcs, but other work in progress on single aluminium crystals shows that changes of 20-30° are quickly reached within one grain. The units have been termed crystallites to distinguish them from the initial metallographic grain; they are also characterized by a lower limiting size of the order of 10~5 cm. (Wood 1935 a ,Wood 1939 . It will be process of crystallographic re-orientation does not necessarily involve bodily re-orientation of the units of the grain; the same effect would be produced if the apparently parallel sections between the members of a pseudo-parallel system of slip lines elongated by very different amounts in the same direc tion, for it is well known that a crystal constrained to deform in a definite direction will do so by a change in its crystallographic orientation to an extent depending on the degree of extension. Physically, however, the units will differ as much as neighbouring grains with different crystallo graphic orientations. This then is the chief visible change in the X-ray photographs on transition through a yield point and gives the physical interpretation, as well as a non-destructive test, of the occurrence of a primitive yield from that point of view. In passing, it was found that these effects are as marked in the soft brass as in the previously tested mild steel (Gough and Wood 1936) with a much more pronounced yield point; the present explanation is an extension of the one given in that work.
E xtensions and X -ray changes under reversed DIRECT STRESS CYCLES
The transition in structure occurring at the yield point under static stress is irreversible; if therefore a specimen is taken slowly through a cycle of stress symmetrical in tension and compression it is evident th a t this internal breakdown will set in as soon as the stress in the first half of the cycle exceeds the yield point and will be thereafter retained although the cycle may be built up in such a way as to leave no appreciable final external deformation, the external change in one half being cancelled out by th at in the opposing half of the cycle. Actually it was found th at the breakdown was much the same for a slow cycle of ± /S' as for a single static load of S tons/sq. in. The photographs already reproduced in figures la, 8a, 9 and 10a (plates 15, 16) therefore serve also to represent the condition after a slow cycle at +7, ±8, ±9 and ± 10 tons/sq. in. respectively.
The following specimens were subjected to the same ranges of reversed direct stress as the above, applied, however, by a standard form of electro magnetic fatigue-testing machine operating at 2200 eye./min.; they were X-rayed in the initial condition and after the number of stress cycles shown in table 1. This number was chosen with reference to previous knowledge (Gough and Wood 1940) of the fatigue properties of the material and in the first three was such as could safely be applied without producing a fatigue crack. The fourth specimen 4B3 did finally exhibit a fatigue crack but is included as a m atter of interest. The limiting safe range of the material was + 5 to + 5-5 tons/sq. in. The X-ray photographs obtained after the high frequency tests at ± 7, + 8, + 9 and ± 10 tons/sq. in. are shown respectively in figures 76, 86, 96 and 106 and they are thus to be compared with figures la, 8a, 9a and 10a (plates 15, 16) which represent the condition of the structure after slow cyclic stresses or static loads of corresponding ranges. It will be at once evident th at the two sets of photographs are radically different. The essential difference is that in the first set taken after the high frequency cycles the photographs retain the main characteristic of the initial state in th at the reflexion spots, though exhibiting a slight diffusion, are still isolated spots and have not undergone the marked elongation which leads to the continuous ring formation charac teristic of the slow cyclic or static stress. The large angular dispersal of the crystallites which physically marks the primitive yield point has therefore been suppressed or removed, although the maximum stress of the cycle in one case is practically double the initial yield stress under static tension. The changes shown by the special fractured specimen 4B3 are probably due mostly to slight plastic deformation produced when the fatigue crack occurred; even then the spectrum is very different from that under 10 tons/sq. in. static load. The difference between the slow and rapid cyclic tests is therefore that, at the end of the latter, the crystallites if formed at all retain to within a degree or so the crystallographic orientation of the parent grains and, so far as the X-rays are concerned, do not behave inde pendently of the initial grains. It might have been possible, however, for a dispersed crystallite formation to have occurred in the initial stages and to have been removed before making the final X-ray test. This point was tested by taking a specimen in which the grains were first broken down by pro ducing an initial permanent set under static load and then applying reversed cyclic stresses in the usual way. No recovery in respect of the crystallite formation was found. Under the rapid cyclic stressing of the above specimens this dispersal appears, therefore, to be suppressed entirely during the whole course of the tests.
It was next necessary to confirm, by mechanical measurements of the external deformation, the evident inference from the X-ray results that the specimens had not undergone a primitive yield change under the high frequency cyclic tests. This was done by simultaneous measurements of the amplitude of the strain exhibited by a given specimen as the stress cycle was built up as follows: a given cycle was reached in steps of ±2, +3, ±4, ... tons/sq. in. at the standard frequency of 2200 eye./min., each step being held long enough to permit measurement of the amplitude of the strain as given by the mirror extensometer attached to the specimen; the final stress range was maintained for the number of cycles stated in table 1 and the cyclic stress then removed, also in measured steps. The final stressstrain relationships are given to the left of figures 3, 4 and 5, respectively, for the specimens 3B7 subjected to the range at ± 7 tons/sq. in., 4B8 to ± 8 tons/sq. in., and 4B2 to ± 9 tons/sq. in. The extensions obtained under the static loading of specimens 3B6 are also indicated for purpose of com parison in the same figures and plotted on the same scale. These curves show that under the rapid cyclic stressing the original yield point of the material has been postponed beyond the initial value of 4-8 tons/sq. in. up to the order of maximum stress of 7, 8, or 9 tons/sq. in., respectively, cor responding to the various stress cycles employed. They therefore completely confirm the conclusion from the X-ray results that, with the suppression of the dispersed crystallite formation, the primitive yield also is suppressed. Further, they prove th at there is no critical external strain at which the dispersal into the crystallite sets in ; in fact, there is no theoretical reason why the suppression should not be carried on and the yield postponed in this manner to stresses corresponding to the breaking point of the metal. 
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F ig u k e 3. Difference betw een extension produced b y : (i) R apid altern atin g stress ( ± 7 tons/sq. in.). Specimen 3 B 7. E xtension under alternating stress (after 1,000,000 cycles a t ± 7 tons/sq. in.), (ii) Slow static tensile stress. Specimen 3B 7. Subsequent static tensile te st (showing perm an ent rise of yield point).
The obvious interpretation of the inhibition of the dispersal of the grains into crystallites is th at under the cycles at high frequency the value of the applied stress, and the corresponding external strain, exceed the values associated with the primitive yield point for so short a time during each cycle th at the structure is not allowed sufficient time to break down. This raises interesting issues with regard to the finite nature of the time required for the effective propagation of a slip movement, and it is hoped when opportunity occurs to experiment with different frequencies. This time lag is not, however, a fundamental factor because, as shown in the next F ig u r e 6. In itia l state. section, the inhibition of the dispersed crystallite formation over the cyclic stress range employed becomes a permanent property of the material in th at it also characterizes the material under subsequent application of static stress, a point which is regarded as one of the main results of the present research. F ig u r e 5. Difference between extension produced by: (i) R apid alternating stress ( ± 9 tons/sq. in.). Specimen 4B 2. E xtension under alternating stress (after 30,000 cycles a t ± 9 tons/sq. in.), (ii) Slow static tensile stress. Specimen 4B 2. Subsequent static tensile test (showing perm anent rise of yield point).
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After the cyclic history indicated in table 1, the specimens 3B7, 4A8 and 4B2, which were still far from being fractured by fatigue, were sub jected to subsequent static tensile tests in which the normal stress-extension curves were obtained; also X-ray photographs were taken after appro priate loads had been applied. These photographs showed no obvious change in the nature of the reflexions until for a given specimen the load was increased beyond the original primitive yield point up to a value of the same order of magnitude as the maximum of the stress cycle employed in the prior cyclic treatment. At this latter value the grains began to exhibit the marked dispersal into crystallites already shown to define a primitive yield point, and then, on further increased loading, proceeded to break down in the manner also shown to be characteristic of plastic deformation. It will be sufficient to illustrate the point by figure 11 (plate 16) of specimen 3B7, previously subjected to the cycle ± 8 tons/sq. in. and now after the subsequent static load of 8 tons/sq. in. I t will be seen that the breakdown has only just commenced, and th at the condition of the structure is still very different from th at shown by figure 8 (plate 15) which was taken after application of the same load statically to the initial annealed material. Physically, this observation shows th at the previous cyclic stressing has permanently modified the crystalline structure of the grains in a precise manner depending on the amplitude of the stress cycle employed. This modi fication is of the nature of a work-hardening process, and the experiments clear the ground considerably, as far as X-ray work is concerned, by proving directly that the dispersal of the grains into the differently oriented crystal lites has no immediate relation with this mechanism of hardening.
As was to be expected, the accompanying stress-extension curves given by the specimens in the static tensile tests confirmed the permanent rise in the primitive yield point. These curves are given for the specimens 3B7, 4A8 and 4B2 in the right-hand sections of figures 3, 4 and 5, respectively, and show directly that the initial yield point has been raised practically to the maximum of the prior stress cycle employed (the stress-extension curve of the initial material is again indicated for purposes of comparison on the same diagrams). The same stress-extension curves for 4A8 and 4B2 are also repeated for convenience in curves (a) and (6) of figure 2 which contains the stress-extension curve (c) of the initial material on a closer scale of abscissae and permits the extensions of those specimens occurring at the higher loads to be plotted up to 10 tons/sq. in.; this diagram thus brings out further the lag of the plastic deformation of these two specimens behind that of the initial material over the range considered.
Internal lattice strains
I t will be evident from the above work th at the dispersal of the grains into the differently oriented crystallites is involved, primarily, only in the mechanism by which the grains change shape during plastic deformation. The reason for the inhibition of this formation as a result of prior cyclic stressing, and for the associated rise in yield point, has still to be demon strated experimentally. However, in view of other X-ray investigations on metals in different states of hardness which have indicated the relevance of lattice distortion as a factor in strain-hardening (Wood 1933 (Wood , 19356, 1939 , the following further tests were made. A specimen (4 B 1) was subjected to similar reversed direct stresses at ± 8 tons/sq. in. in the fatigue-testing machine and removed from the machine at intervals for precise examination of the lattice dimensions. For these measurements the shape of the specimen was modified from the standard, two parallel flats being machined on the specimen for the length of the test portion as indicated in the crosssection drawn in figure 1. These could be brought into contact with a fixed stop on the X-ray spectrometer, and personal errors in repeating the posi tion of the reflecting surface at successive stages of the test thus eliminated. Also the specimen was not stationary, as in the previous test, but oscillated ± 5° about an axis in the surface of the specimen perpendicular to the incident beam. By increasing the number of reflecting grains, this move ment gave a ring sufficiently continuous for accurate measurement of the diameter, from which the lattice dimensions were deduced in the usual way. The rings utilized for this purpose were the (331) a and (422) /? obtained with nickel X-radiation and the (420) /? with cobalt radiation; these occurred at large enough diffraction angles to be sensitive to small changes in lattice openings.
The results showed first that the lattice changed to an easily measurable extent and, within the limits of measurement, that the changes appeared to be of the nature of a pure volume expansion. The results expressed in terms of a percentage change in the side of the original unit cell at the different stages of test, are as follows: The total change on the (420) / 3r ing for example correspon in diameter of about 1 mm. which, since the measurements could be 21-2 repeated to 0*1 mm. without difficulty, was well beyond experimental error. It will be noted that there is a distinct change in the first 50,000 cycles; this is followed by a practically stationary condition up to 150,000 cycles and then a final rise before fracture. These lattice changes were confirmed on a second specimen 4B4.
A further change noted was a slight but distinct radial broadening of the ring. A similar diffusion will be seen in the isolated spots in the earlier photographs from the stationary specimens (for instance, on comparison of the initial state shown by figure 6 with figures 76, 8 or 96 after cyclic stressing). The same effect was obtained in the previous research, already referred to, on a mild steel and was there described as due to a " dislocation" of the grains. The present work makes it possible to extend this explana tion. The preceding sections have shown th at the crystallites, if formed within a grain under cyclic stressing, must possess essentially the same orientation and therefore co-operate in the reflexion from the parent grain; this rules out the possibility of the radial line broadening being due to the incomplete resolution which is known to be associated with an independently reflecting particle size less than about 10-4 cm. The diffusion is therefore to be attributed to irregularity in the above measured lattice expansion from grain to grain, or from point to point within a single grain, changes which would give rise to corresponding variations in the diffraction angle. Such slight lack of homogeneity in the lattice change is reasonably to be expected. The expansion together with the slight diffusion of the rings are therefore considered to form direct indication of the incidence of an internal strain in the atomic lattice during application of the cyclic stresses, and in view of existing evidence on the association of lattice distortion with hardening, this factor appears to be the one responsible for the changes in yield point arising from prior cyclic stressing and the observed suppression of the breakdown into the dispersed crystallite formation characteristic of normal plastic deformation.
Conclusion
The present paper has been limited to experimental observations and the immediate inferences. In view of the present incomplete understanding of strain-hardening and plastic deformation of metals it has not been thought worth while attempting to relate the results to current theories. It will be necessary first to extend the work to other metals, including brittle materials, especially in connexion with the part played by lattice distortion, and also to make X-ray tests whilst the metal is actually under load. Further work on these lines is in progress, but the results already obtained above constitu te points of interest which definitely supplement existing data on the behaviour of the crystalline structure of the metallic grain under mechanical deformation, and which will require consideration in any complete theo retical treatm ent of the subject.
In conclusion, the authors acknowledge their indebtedness to Dr H. J. Gough, F.R.S., who collaborated in previous researches from which the above developed, to Dr G. W. C. Kaye, F.R.S., in whose department the X-ray work has been undertaken by one of us (W. A. W.), and also to Dr S. L. Smith and Dr G. A. Hankins with whom a number of points were discussed.
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Summary
The stress-extension relationships for an annealed a-brass have been measured for static tensile stress and for a symmetrical alternating tensioncompression applied at a frequency of 2200 eye./min., and the mechanical properties indicated by the curves have been studied in relation to the changes in crystalline structure of the grains as shown by the X-ray dif fraction method. I t is shown th at the dispersal of the grains into widely oriented crystallites, which constitutes the physical characteristic of the change at the yield point under ordinary static or slow cyclic stress, is entirely suppressed under the same ranges of cyclic stress when applied at the high frequency, and that, after the cyclic stressing has ceased, this suppression persists up to a static load equal to the maximum of the prior stress cycle employed; the mechanical measurements indicate a corre sponding inhibition of the primitive yield point. A further result is obtained by a precise comparison of the dimensions of the atomic lattice of specimens subjected to cycles of an unsafe range of stress; these show th at an appre ciable internal strain of the nature of a volume expansion is built up in the lattice during the rapid cyclic stressing, and it is considered th at it is this distortion which is associated with the inhibition of the dispersed crystallite formation and rise in primitive static yield point.
